Abstract-This paper proposes a novel 12/8 switched reluctance motor (SRM) with segmental rotor for vehicle cooling fan application. Unlike conventional SRMs, the proposed motor adopts one body stator with hybrid stator poles and segmental rotor structures, thereby making the motor operate in short flux paths and parts of the flux paths magnetically isolated between the phases. Therefore, compared with conventional SRMs, the proposed structure not only improves the output torque density and reduces the magneto-motive force requirement and core losses of the motor, but also inherits the advantages of conventional SRMs like flexible control as well as the adaptability in harsh environment. To verify the proposed structure, a finite element method is employed to get characteristics of the proposed SRM. Meanwhile, a conventional 12/8 SRM, which has been used for vehicle cooling fan application, is also analyzed for comparison. Furthermore, the prototypes for the conventional and proposed 12/8 SRMs are manufactured and tested. Finally, the simulation and experimental results are presented and analyzed to verify the effectiveness of the proposed SRM.
I. INTRODUCTION

I
N RECENT years, due to the needs of high performance and robust drives and high price of permanent magnets, switched reluctance motors (SRMs) are gaining more attention. In particular, their good fault tolerance, simple manufacture, robustness, low cost, and applicability in harsh environment properties [1]- [6] make them a powerful candidate for many automotive and aerospace applications. The motor for vehicle cooling fan drive is one of the applications. As is well known, the fan application in the vehicle radiator has big acoustic noise and mechanical vibration due to the air flow brought by the blade. Compared with efficiency, the torque ripple and acoustic noise are not so important. Hence, the SRM is very suitable for such application. Fig. 1 shows the vehicle cooling fan with the conventional 12/8 SRM. However, the performance of the motor could not be fully satisfying. Meanwhile, because the application has low voltage and high current characteristics, and the supply voltage and motor size have been limited by the automobile manufacturing, it is not easy to improve the motor performance based on the conventional motor structure. Therefore, this paper is going to seek a new motor structure to improve the motor performance in the vehicle cooling fan application.
In general, SRMs still employ double-salient pole and simple concentrated winding configuration, because of their simplicity and short end-winding. However, recent developments using segmental rotor type SRMs [7] - [17] have led to an increase in the electric utilization of the machine, thereby providing much greater torque density than conventional SRMs.
In [7] , a 12/8 segmental rotor type SRM is proposed and tested. The construction and manufacturing processes of the motor are introduced in detail. Compared with conventional SRMs, the motor gives better torque per unit copper loss at the thermal limit condition, but it has manufacturing complexity and mechanical weakness. To solve the above-mentioned problems, a 6/4 segmental rotor type SRM is proposed [8] . In this motor, 0093-9994 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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the rotor segments are embedded in an aluminum rotor block. This configuration not only makes the motor manufacture easier, but also increases the mechanical strength of the motor. Meanwhile, the advantages in the conventional 12/8 segmental rotor type SRM are also kept. However, this motor has high torque ripple. To reduce the torque ripple, the segmental rotor type SRMs with increasing phase or two-step slide rotors are researched [9] , [10] . In addition, to further improve the torque performance, 8/6 and circular slot segmental rotor type SRMs are proposed [11] , [12] . In the 8/6 type, the bipolar control strategy and H-bridge converter are adopted to eliminate the flux reversal in the stator. This may improve the output torque and reduce the torque pulsations, but the converter cost would be increased because of the increased number of switches in the H-bridge converter. In the circular slot type, the flux is forced to flow in a circular path in the stator and rotor, which can shorten the flux path, increase the average torque, and reduce the utilization of iron as compared with conventional segmental rotor type SRMs. Although the segmental rotor type SRMs introduced above increase the electric utilization, all these motors adopt full pitch windings. And the machines with full pitch windings have substantially longer end-winding, which reduces the electric loading and fault-tolerant ability and makes them impractical for applications, which combine a short lamination stack length with a large pole pitch [13] , [14] .
Hence, based on the above-mentioned analysis, a 6/5 segmental rotor type SRM is proposed [15] , [16] . Unlike conventional segmental rotor type SRMs, the stator poles of this motor are divided into exciting and auxiliary poles. Furthermore, in this motor, the concentrated windings are adopted and only wound on the exciting poles, resulting in short flux paths in the motor. Therefore, compared with conventional segmental rotor types, this motor not only keeps the torque output capacity, but also reduces the length of the end winding. However, due to the asymmetry of the inherent magnetic flux paths, the 6/5 type suffers from unbalanced force as the motor operates.
To sum up, a novel 12/8 segmental rotor type SRM is proposed to improve the motor performance in vehicle cooling fan application. The structure of the proposed 12/8 type is the same as that of the 6/5 type except for the number of the stator and rotor poles. The proposed structure inherits the advantages of the 6/5 type and solves the unbalanced force problem in the 6/5 type. To verify the proposed SRM, a conventional 12/8 SRM, which has been developed for a vehicle cooling fan, is compared. The static and dynamic characteristics of the two motors are analyzed and compared. Furthermore, the prototype of the two motors is manufactured and tested. Finally, the simulation and experimental results are presented to verify the effectiveness of the proposed SRM. Fig. 2 shows a conventional 12/8 SRM with phase-A winding configuration. The windings of phase-B and -C are shifted on 30 and 60 mechanical degrees apart from phase-A, respectively. As shown in Fig. 2 , the windings on the stator poles P A 1 , P A 2 , P A 3 , and P A 4 are connected in series. However, they can be con- nected in parallel as well, which depends on different application requirements. For phase-B and -C, the winding connections are always the same as those of phase-A. If defining the zero rotor angular position as the rotor position in Fig. 2 , where the center lines of the rotor poles are aligned with those of the stator poles of phase-A, the rotor will rotate in the counter-clockwise direction with the phase current energized in the sequence BCA. Conversely, the rotor will rotate in the clockwise direction with the current exciting sequence CBA.
II. CONCEPT OF CONVENTIONAL AND PROPOSED 12/8 SRMS
A. Conventional 12/8 SRM
The dashed lines in Fig. 2 stand for the flux paths of a conventional 12/8 SRM with phase-A windings excited at the aligned position. The flux paths are long and in result of the reduction in the electric utilization and the rise of the magneto-motive force (MMF) requirement and core losses of the motor.
B. Proposed 12/8 SRM
A novel 12/8 SRM with segmental rotor is proposed in Fig. 3 . The motor has twelve stator poles and eight rotor poles. The stator poles are further divided into two types: exciting and auxiliary poles. The windings are only wound on the exciting poles and there are no windings on the auxiliary poles. Furthermore, the windings on the diametrically opposite exciting poles, such as the windings on the stator poles P A 1 and P A 2 , stator poles P B 1 and P B 2 , or stator poles P C 1 and P C 2 , are connected in series to construct one phase. The rotor comprises nonmagnetic isolator and series of discrete rotor segments. The rotor segments are embedded into the nonmagnetic isolator, and they are magnetically isolated from each other. As shown in Fig. 3 , the rotor is placed at the aligned position of phase-A, which is also defined as the 0°rotor angular position. Hence, the rotor will rotate in a counter-clockwise direction with the phase current energized in the sequence BCA. On the contrary, it may rotate in the reverse direction with the current energized in the sequence CBA.
The flux paths of the proposed 12/8 SRM with phase-A windings excited at the aligned position are shown as the dashed lines in Fig. 3 . The flux paths are short. Therefore, compared with conventional SRMs, the proposed structure may improve the electric utilization and reduce the MMF requirement and core losses.
III. ANALYSIS AND COMPARISON OF CONVENTIONAL AND PROPOSED 12/8 SRMS
To verify the proposed 12/8 SRM, it is designed to compare with a conventional 12/8 SRM, which has been researched for vehicle cooling fans (12 V, 500 W, and 2800 r/min). For the accuracy of the comparison, the proposed 12/8 SRM is deliberately made with the same outside diameter, shaft diameter, core axial length, air-gap, wire gauge, and slot fill factor as those of the conventional 12/8 SRM. The detailed parameters for the two motors are given in Table I . To accurately predict the characteristics of the two SRMs, a finite element method is employed.
A. Magnetic Flux Distributions
Figs. 4 and 5 illustrate the magnetic flux distributions of the conventional and proposed 12/8 SRMs with phase-A excited at the unaligned and aligned position, respectively. In the proposed 12/8 SRM, on the contrary, the unaligned position corresponds to the center of the exciting and rotor poles coinciding, and the aligned position with the midpoint of the interpolar rotor gap facing the exciting poles. As shown in Fig. 4 , the magnetic flux of the conventional 12/8 SRM flows into the rotor from the two stator poles at the horizontal direction, through the rotor and returns via the two stator poles at the vertical direction. The flux paths are long. For the proposed 12/8 SRM, the magnetic flux flows down from the exiting poles, through the rotor segments, and returns via the adjacent auxiliary poles. All the conductors in each slot only couple with the flux driven by their own MMF with very little mutual coupling between one slot and another, as shown in Fig. 5 . Therefore, compared with the conventional 12/8 SRM, the flux paths of the proposed SRM are shorter.
B. Magnetic Flux Density
To obtain the maximum benefit from the magnetic material, an SRM always operates with the magnetic material in high saturation under the normal operation condition. However, the magnetic flux density in the magnetic material could not be unlimitedly high. To be close to the actual magnetic material properties, the flux density of the motor should be kept lower than 1.8 T in the motor design. Fig. 6 shows the flux density of the conventional and proposed 12/8 SRMs with the motor operating at the full load condition (peak excitation current is 110 A). The maximum flux densities in both motors are almost the same and less than 1.8 T. Fig. 7 shows the inductance profiles of the conventional and proposed 12/8 SRMs with one phase excited at 10 and 110 A, respectively. As shown in Fig. 7 , due to the segmental rotor structure, the inductance of the proposed SRM is larger than that of the conventional one at any rotor position. Furthermore, it can be easily found that the inductance of the two motors is decreased with the increasing current, especially the inductance at the aligned position, in which the maximum inductance of each motor is located. In addition, as the current is increased from 10 to 110 A, the inductance of the proposed SRM is much reduced compared with that of the conventional one. Hence, the proposed SRM is more easily affected by the saturation than the conventional one. Fig. 8 shows the flux-linkage of the conventional and proposed 12/8 SRMs. As is generally known, the area enclosed between the aligned and unaligned curves with the fixed MMF is the change in coenergy, which corresponds to the energy converted to torque in a single stroke. It can be seen from Fig. 8 that the proposed SRM could enclose a larger area than that of the conventional 12/8 SRM with the same MMF. That is, with the same MMF, the proposed SRM can generate higher torque than that of the conventional one. In other words, to generate the same torque, the proposed SRM requires lower MMF. Therefore, compared with the conventional 12/8 SRM, the proposed SRM can improve the electric utilization and decrease the MMF requirement. This verifies the concept of the proposed SRM.
C. Inductance Characteristics
D. Flux-Linkage Characteristics
E. Torque Characteristics
The average torque of an SRM can be derived based on the flux-linkage as
where T av is the average torque, m is the number of phases, N r is the number of rotor poles, Ψ is the flux-linkage per phase, i is the phase current, MMF is the magneto-motive force per phase, and N phase is number of turns per phase. Note that the number of turns per phase in the conventional and proposed 12/8 SRMs is given in Table I . Fig. 9 shows the average torque of the conventional and proposed 12/8 SRMs. With the same current, the average torque produced by the proposed SRM is higher than that of the conventional one at all current levels. And the advantage is kept about 10% higher compared with that of conventional one in the most operating range. In addition, it should be noted that the results in Fig. 9 are calculated with the MMF of the proposed SRM 20% lower than that of the conventional one. Fig. 10 shows the torque profiles of the conventional and proposed 12/8 SRMs with one phase excited at 110 A. 
IV. SIMULATION AND EXPERIMENTAL RESULTS
A. Prototypes
To further verify the validity of the proposed SRM, the prototypes of the conventional and proposed 12/8 SRMs are manufactured according to the machine dimensions in Table I . Fig. 11 shows the rotors of the conventional and proposed 12/8 SRMs. Compared with the rotor structure of the conventional 12/8 SRM, the segmental rotor does not have any mechanical saliency, probably reducing the windage or hydraulic resistance and thereby reducing the windage loss. However, the manufacturing method of the segmental rotor is unconventional. As shown in Fig. 11 , the rotor of the conventional 12/8 SRM is directly mounted on the shaft, while the manufacturing procedure is a little complex for the proposed segmental rotor. First, a nonmagnetic isolator is fixed on the shaft. Then, the rotor segments are mounted on the nonmagnetic isolator. Furthermore, to protect the rotor segments from the centrifugal and magnetic radial force, the rotor end-rings at two sides of the rotor segments are used to provide axial pressure on the rotor segments. Finally, the rotor is turned in a lathe to its final outside dimension. Fig. 12 shows the stators of the conventional and proposed 12/8 SRMs. All the stator poles in the conventional 12/8 SRM are the same. In the proposed SRM, there are two types of stator poles, exciting and auxiliary poles.
The material of the rotor and stator lamination is 35PN440. For the nonmagnetic isolator, rotor end ring, and shaft, the materials are brass C2600, brass C2600, and S45C, respectively. In addition, it should be noted that the nonmagnetic isolator should be solid to keep it strong enough.
B. Control Scheme
As previously described, the conventional and proposed 12/8 SRMs are studied for cooling fan application. Due to the low voltage and high current characteristics of the application, it may not have enough time to control the current at the normal operation region (2600-3600 r/min), so only speed control is applied in the proposed control scheme. Fig. 13 shows the drive system block diagram for the motors. In the block diagram, n * is the reference speed, n is the estimated speed, Δn is the speed error, PI is the proportional integral controller, θ r is the rotor position, and θ on and θ off are the turn-ON and -OFF angles, respectively. As shown in Fig. 13 , the rotor position is measured by an encoder first. Then, the motor speed can be estimated by the speed estimator module and fed back to compare with the reference speed. The difference between the reference and estimated speed is the input of the PI controller and the output of the PI controller is the pulsewidth modulation (PWM) duty ratio. According to the turn-ON, -OFF angles, and the rotor position, the PWM duty ratio is converted to the three-phase independent PWM waveforms by the PWM generator to control the switches in the converter for driving the motors. According to the proposed control scheme, there are two control methods for the two motors. The angular position control method is used to control the motor at or above rated speed, and the PWM control method is used to control the motor under rated speed.
C. Simulation Results
To drive the two motors, a simulation driving circuit is designed based on the proposed control scheme. Then, this circuit is combined with finite element analysis software for real-time calculation. Compared with the method by MATLAB/Simulink, this method is more accurate because it could take the crosscoupling effects between the phases into account. Fig. 14 shows the simulation results of the conventional and proposed 12/8 SRMs at the rated load condition (1.7 Nm at 2800 r/min). As shown in the figures, the currents in the two motors are intentionally controlled with an upward at the end of the conduction cycle. Although this shapely peak can be reduced or removed by regulating the turn-ON and -OFF angles, the current with a little upward at this position may give the motor high efficiency. In addition, the position in Fig. 14 stands for the rotor angular position. The position at 0°is the aligned position of the motor. Compared with the position and current waveforms in each figure, it can be seen that the tail currents of the two motors slightly pass the aligned position. That is, a little current flow into the negative torque region. This is to make full use of the positive inductance region of the motor, which may also give the motor high efficiency. Fig. 15 shows the transient torque of the two motors at the rated load condition. The maximum and minimum torque produced by the conventional SRM is higher than that of the proposed one, but the torque ripple may be also high. To clearly show the torque ripple in the conventional and proposed 12/8 SRMs, the torque ripple of the two motors at various speeds is analyzed based on the control scheme mentioned above. Fig. 16 shows the torque ripple comparison of the conventional and proposed 12/8 SRMs, in which the torque ripple is calculated as where T ripple is the torque ripple, and T max , T min , and T avg are the maximum torque, the minimum torque, and the average torque, respectively. It can be seen from Fig. 16 that the torque ripple of the conventional SRM is higher than that of the proposed 12/8 SRM in the most speed range. Furthermore, along with the gradual increase of speed, the torque ripple is increased in the conventional 12/8 SRM, while it is not much changed in the proposed 12/8 SRM. In addition, it should be noted that the efficiency is the most important factor in this research. The estimation of torque ripple in Fig. 16 is carried out on the premise of ensuring efficiency. If the efficiency does not take priority, the torque ripple of the two motors could be reduced by obtaining an appropriate control, for instance, torque sharing function control approach. Fig. 17 shows the core loss comparison of the conventional and proposed 12/8 SRMs at various speeds. As the speed increased, the core losses in the two motors are also increased. The reason is that the core loss is mainly generated at the commutation region. When the speed of the motor is increased, the corresponding phase must be turned ON in advance to meet the load requirements, leading to the commutation region increase, thereby increasing the core loss. Furthermore, due to short flux paths, the core loss of the proposed SRM is lower than that of the conventional one at various speeds. Fig. 18 shows the experimental platform. In Fig. 18 , the prototype has been coupled with the dynamometer and will be controlled by a Texas Instruments digital signal processor TMS320F28335 through the three-phase asymmetric converter. The dynamometer controller and power analyzer in the figure are used to control the load torque and measure the active input power, respectively. Fig. 19 shows the experimental results of the conventional and proposed 12/8 SRMs at the rated load condition. Compared with the results in Fig. 14 , it can be seen that the simulation and experimental results are well matched except for the noise on the voltage curve. This noise is mainly caused by the switches. Table II shows the steady-state characteristics comparison of the conventional and proposed 12/8 SRMs at the rated load condition. The parameters in Table II are calculated according to the formulas in [16, Appendix] . As shown in Table II , the windage and friction loss in the proposed SRM is slightly smaller than that of the conventional 12/8 SRM. This is because the segmental rotor does not have any mechanical saliency, thereby reducing the windage resistance compared with the rotor with salient poles in the conventional 12/8 SRM. This phenomenon may be more obvious in high speed. Meanwhile, due to the short flux paths, the core loss in the proposed SRM is smaller than that of the conventional 12/8 SRM. Furthermore, the efficiency of the proposed SRM is improved more than 2% than that of the conventional 12/8 SRM at various speeds, as shown in Fig. 20 . Therefore, it can be concluded that the proposed SRM could improve the electric utilization and reduce the MMF requirement and core loss compared with the conventional 12/8 SRM. This verifies the validity of the proposed SRM.
D. Experimental Results
V. CONCLUSION
In this paper, a novel 12/8 segmental rotor type SRM is proposed for vehicle cooling fan application. The structure and operation principle is illustrated. To verify the validity of the proposed structure, a conventional 12/8 SRM, which has been applied to the same application, is used for comparison. The comparison results show that the proposed structure could generate higher output torque than that of the conventional 12/8 SRM, and the number of turns per phase is reduced 20%. Furthermore, the efficiency of the proposed SRM is higher than that of the conventional 12/8 SRM. Although the segmental rotor manufacturing process is a little complex compared with the rotor in the conventional SRM, the segmental rotor does not have any mechanical saliency, which may be beneficial to reduce the windage resistance.
